it is not always easy to prepare healthy, viable ones, and also it is not easy to measure the kinetics of their changing A quick and accurate method of monitoring changes dimensions in response to an osmotic gradient. Recent of volume of mesophyll cell protoplasts (MCP) of pea studies used vesicles prepared from root cells of wheat was devised using the difference in absorbance of the (Niemietz and Tyerman, 1997) or from suspension-cultured protoplasts at 440 nm and 750 nm (OD 440-750); when tobacco cells (Maurel et al., 1997) and indirectly measured protoplasts expanded in response to changing the changes in volume by monitoring light scattering of a external medium from 0.4 M sorbitol to 0.3 M sorbitol suspension of vesicles with stopped-flow spectrofluorimetry.
Introduction
MCP isolated from leaves according to the method of Saradadevi and Raghavendra (1992) .
Protoplasts have not been extensively used to study water permeabilities of membranes even though they appear ideal Correlation of MCP volume with OD 440-750 in response to a subjects since volume changes in response to osmotic gradirange of sorbitol concentrations ents readily occur in the absence of cell walls. Possible
The method of monitoring volume changes of MCP was based on an observation by Saradadevi et al. (1996) who found that the absorbance of a sample of protoplasts at 440 nm corrected were frequently not spherical. Figure 2 shows the relation-
The cuvette was inverted twice to mix the MCP sample and the absorbance difference measured 2 min later after again inverting ship between OD 440-750 and protoplast volume. An the cuvette twice. excellent fit of a line (r2=0.975) was achieved using Volume changes of MCP were monitored in the following Cricket Graph and polynomial regression. A sigmoidal way. A 10 ml sample was injected into 1 cm3 of each sorbitol relationship was obtained with each of the extreme points concentration and after 2 min the diameters of 50 MCP were diverging from a straight line. This may again be due to measured using a Wolfe microscope at ×400 magnification with a calibrated eye-piece. An average volume was calculated some bursting of the largest protoplasts at the low sorbitol Effects of mercuric chloride and of mercaptoethanol on volume changes of MCP Mesophyll cell protoplasts were isolated in 0.4 M sorbitol and a sample equivalent to 20 mg chlorophyll injected into 1 cm3 0.3 M sorbitol containing different concentrations of mercuric chloride (5, 10, 50, 100, 500 mM ). At various time intervals the OD 440-750 was measured using the same procedure as described above.
In another series of experiments a sample of MCP were preincubated for 10 min in 0.4 M sorbitol containing mercuric chloride of different concentrations (5-500 mM ). Then a sample equivalent to 20 mg chlorophyll was injected into 1 cm3 0.3 M sorbitol and the OD 440-750 monitored over time. Using 50 mM mercuric chloride, after an equilibrium OD 440-750 value was obtained, mercaptoethanol (final concentration, 70 mM ) was injected into the cuvette containing the MCP and the OD difference continued to be measured.
Chlorophyll estimation
Chlorophyll concentrations of the purified MCP samples were according to the method of Arnon (1949) . were transferred from 0.4 to 0.5 M sorbitol to contract them three replicate experiments showed similar kinetics with maximum volumes achieved after 1-2 min though there was some variation in their extent of contraction, and volumes slowly increased thereafter.
Because swelling protoplasts gave consistent and repeatable results further experiments concentrated on this aspect of volume changes. Figure 5 shows the effect of a range of concentrations of mercuric chloride on protoplast swelling. Protoplasts were isolated in 0.4 M sorbitol and then incubated in 0.3 M sorbitol containing different mercuric chloride concentrations and volume changes compared with control values in which protoplasts were either maintained in 0.4 M sorbitol or placed in 0.3 M sorbitol. As mercuric chloride concentrations increased from 5 mM to 500 mM the final protoplast volume decreased: 5 mM and 10 mM mercuric chloride concentrations allowed considerable swelling but 100 mM mercuric chloride completely prevented swelling relative to volumes of protoplasts maintained in 0.4 M sorbitol; 500 mM mercuric chloride caused protoplasts to shrink indicated that they were damaged.
Characteristically, in the presence of mercuric chloride, the protoplasts initially swelled at similar rates (except in the 500 mM mercury treatment) before contracting back to more stable volumes at a level which was dependent on the concentration of mercury used. It was considered that such swelling kinetics may be due to volume changes of the protoplasts occurring before the effects of the mercury became active. Therefore experiments were conducted in which protoplasts were preincubated in 0.4 M sorbitol with mercuric chloride before placing them into 0.3 M sorbitol also containing appropriate mercuric chloride concentrations. Figure 6 shows the results of preincubating protoplasts in the different mercury concentrations. The general pattern of effects was similar to that observed when preincubation in mercury was not carried out (Fig. 5 ) but the contraction of protoplasts after initial volume increases was much less evident and prominent only in 500 mM mercuric chloride. 500 mM mercuric chloride ultimately damaged protoplasts and volumes dropped well below control values obtained when protoplasts were maintained in 0.4 M sorbitol: final volumes in 100 mM mercury were about the same as for protoplasts maintained in 0.4 M sorbitol while 50 mM and 10 mM mercury slightly inhibited and had no detectable 
Discussion
showed similar swelling responses of the MCP when they were transferred from 0.4 to 0.3 M sorbitol. Maximum
Results indicated that values of OD 440-750 was a relatively accurate, quick and convenient measure of volumes were achieved after about 2 min giving halftimes for water exchange of about 10 s. When protoplasts protoplast volume, particularly when swelling was being monitored ( Figs 1-4 ). Consistent and repeatable values volumes were not achieved (Fig. 4) . Thus, OD 440-750 values indicated that during contraction experiments of protoplast volumes could be obtained when swelling was monitored, but there was some variation in protoplast protoplasts contracted to a minimum volume before starting to swell slowly and this continued for up to at volumes during contraction experiments and stable , 10 mM mercury; (#), 100 mM mercury; ($), 500 mM mercury; (6), protoplasts exposed to 50 mM mercury and treated with 70 mM mercaptoethanol (ME) at the point indicated by the arrow. Lines were fitted by eye. The protoplast population was equivalent to 18 mg chlorophyll cm−3.
least 15 min (the duration of experiments). The re-swelling
The water permeability of a protoplast is the sum of the permeabilities for the plasma membrane, cytoplasm of the protoplasts is probably due to increased internal osmotic pressure perhaps because of uptake of sorbitol, and tonoplast. Virtually all reports indicate that the tonoplast membrane permeabilities for all substances the external osmoticum. If this is the case, the reasons why the plasma membrane becomes permeable to sorbitol measured are much greater than those for the plasma membrane. Thus, Dainty and Hope (1959) and Kiyosawa are not clear and demand further attention in the future.
The technique used for monitoring volume changes and Tazawa (1977) observed this feature in Chara cells; Url (1971) using onion bulb epidermal cells and plasmalso enables some studies of the kinetics of protoplast swelling and contraction to be followed (Fig. 4) .
ometric methods found that the tonoplast was more permeable to water than the plasma membrane. More However, it was not feasible to obtain values of protoplast volume within the first 15 s due to initial manipulations recently, Maurel et al. (1997) using tonoplast and plasma membrane-enriched vesicles of suspension-cultured of the sample, making calculation of rate constants less accurate, and therefore only values of half-times for water tobacco cells, and Niemietz and Tyerman (1997), using vesicles of plasma membrane and of endomembrane exchange are quoted. The half-time for osmotic water exchange of cells and protoplasts is typically much less (including tonoplast) of wheat root, also concluded that the tonoplast-containing fractions were much more perthan 1 min and usually less than 30 s ( Tyerman and Steudle, 1982; Dowgert et al., 1987) . Values for protomeable to water than the plasma membrane fractions. If this can be universally applied to all higher plant cells plasts obtained in this study were relatively short being about 10 s for expanding protoplasts and less for then, in these experiments, using mesophyll cell protoplasts of P. sativum, the kinetics of water flux is being contracting protoplasts ( Fig. 4) . A reason for the lower half-times of water exchange of protoplasts relative to effectively observed at the plasma membrane since it has the bigger resistance to water flow. cells may be related to the effects of unstirred layers and limited diffusion of osmoticum in the cell walls (Maurel, The observation that protoplasts appeared more permeable to water when contracting rather than when 1997). If the differences in half-times for swelling and contracting protoplasts are genuine it is interesting to expanding may be related to exocytotic and endocytotic processes that occur as the protoplasts swell or contract, in speculate why this is so. One possibility is that insertion into (exocytosis) and extraction from (endocytosis) the the following way. It is considered that membranes can only stretch by about 2-3% before they break ( Wolf and plasma membrane of membrane material, which may be associated with expansion and contraction of protoplasts, Steponkus, 1983) . In this study protoplast volumes increased by about 40% when they were changed from respectively, is related to the different values. This aspect is discussed in more detail below. 0.5 M sorbitol to 0.3 M sorbitol. Thus, new membrane material must be inserted into existing plasma membrane reversed the inhibition allowing protoplast volumes to reach control values. Future work will investigate this to accommodate swelling while, upon contraction, existing aspect in more detail. membrane must be absorbed to maintain protoplast sphericity. It is possible that membrane material inserted into the existing plasma membrane has a lower density of
